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THE FUJI PROJECT: FUEL TEST FOR JNC AND PSI –
A JNC-PSI-NRG COLLABORATION

Ch. Hellwig,!P. Heimgartner,!F. Ingold

The FUJI project is especially dedicated to the early-in-life restructuring of two types of particle fuel æ
sphere-pac and vipac æ in comparison to pellet fuel. Three types of sphere-pac fuel segments prepared
by PSI will be irradiated in the High Flux Reactor (HFR) in Petten (NL), together with pellet-type fuel
segments and vipac fuel segments (non-spherical, fuel-shard-packed segments), prepared in accordance
with JNC specifications at PSI under the same irradiation conditions. MOX fuel, with 20% Pu and an
oxygen-to-metal ratio of 1.97 (typical for fast reactor fuel), is currently being produced in different fuel
shapes (pellets, microspheres and vipac particles). For the pellet and vipac fuel, the dry attrition mill
method was used to prepare the MOX powder prior to pressing. Microspheres were produced following
the internal gelation process, with nitrate solutions as the starting material. The pellet and the vipac
fabrication have now been completed, although some analysis results are still missing. The special
production route of vipac has led to particles of beneficial shape; the microsphere fabrication is underway.
The preparation for the filling and welding of the segments have been completed, and production will take
place before the middle of 2003.

1 INTRODUCTION
The use of low-decontaminated Pu for the fabrication
of MOX for fast reactors offers significant cost
benefits. Due to the high radiation, remote-handling
procedures are required for the fuel and pin
fabrication. The same is true if minor actinides (to be
burned in the fast spectrum) are added to the fuel.
Particle fuels are therefore candidates for achieving a
simple and remote procedure for manufacturing of
advanced fuel for the burning in a fast reactor of minor
actinides (MA) and low-decontaminated plutonium.
Additionally, particles can be produced via a wet-
chemical route, and so dust production can be greatly
reduced in comparison to dry pellet fabrication. Two
types of particle fuel are used today: sphere-pac and
vipac.
The irradiation performance of these fuel types must
be carefully investigated and compared against pellet
fuel. Today, there exists only sparse technical
knowledge on the fabrication and irradiation behaviour
of sphere-pac fuels containing MA and high
concentrations of plutonium in the form of uranium
and plutonium oxides (MOX). The same is true for
vipac fuel.
In general, and contrary to pellet fuel, pins comprised
of particle fuel do not have gaps. This is of advantage
thermally, but is more than compensated by the lower
thermal conductivity resulting from the small area of
solid contact between adjacent particles. However,
this area increases rapidly during irradiation due to
different sintering mechanisms, leading to a steadily
increasing thermal conductivity of the fuel, and
therefore lower central fuel temperatures. It is obvious
that this sintering behaviour, which is distinct at the
beginning of irradiation, is crucial for the safety
evaluation of the fuel. The FUJI project focuses on the
early-in-life sintering and restructuring of the two types
of particle fuel: sphere-pac and vipac [1]. The
objectives of the FUJI project are as follows:

• Compare fuel performance for sphere-pac,
pellet and vipac type fuels under the same
irradiation conditions

• Study the restructuring of sphere-pac fuel
from start-up conditions to melting
temperatures

• Study the behaviour of MA and plutonium
burning under reactor irradiation conditions
with a radial temperature profile of the fuel pin
close to that expected in a fast neutron
spectrum

• Study plutonium and MA migration and
restructuring behaviour at high linear heat
ratings in a fuel irradiation experiment with a
radial temperature profile close to that
expected in a fast neutron flux

• Exchange information to keep open the option
of a later transfer of the sphere fabrication
process and pin-filling technology.

The content and goals of the project, and the present
status and results of the work performed, are
summarized in this report.

2 EXPERIMENTAL
The irradiation matrix
Three types of sphere-pac fuel segments, each
prepared by PSI, will be irradiated in the High Flux
Reactor (HFR) at Petten (NL), together with pellet-
type fuel segments and vipac fuel segments (non-
spherical fuel, shard-packed), prepared in accordance
with JNC specifications at PSI under the same
irradiation conditions.
A total of 16 fuel segments (four series of four
segments each) will be irradiated in the pool-side
facility of the HFR. In this facility, fuel segments (two
parallel rods) can be moved towards the reactor core
on a trolley. As a result of this movement, any power
history can be applied to the test rods independently
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of the reactor operation. To increase the fuel testing
possibilities, PSI will produce segmented rods with
two segments forming one test rod. The connection
between the two segments will be placed in the centre
plane of the reactor. Thus, four segments (two
segmented test rods) can be irradiated in parallel in
one operation. The irradiations focus on the following
features:

• The “initial sintering test” (maximum power
540 W/cm, duration 36 hours) imitates the
start ramp of the fast reactor JOYO; i.e. the
power increases linearly from zero to full
power in 36 hours

• The “first restructuring test” (maximum power
540 W/cm, duration 84 hours) again imitates
the start ramp, but with a subsequent holding
time of 48 hours

• The “second restructuring test” (maximum
power 540 W/cm, duration 132 hours) imitates
the start ramp with a subsequent holding time
of 96 hours

• The “power-to-melt test” (maximum power
900 W/cm, duration 85 hours) imitates first the
start ramp and a subsequent holding time of
48 hours (the same as the “first restructuring
test”), but then the power is increased
stepwise until fuel-centre melting is observed.

The fuel types to be irradiated in the different tests are
listed in Table 1. In addition to MOX fuel with 20% Pu,
MOX with 20% Pu and 5% Np will be produced and
irradiated. Sphere-pac segments will be produced with
two different filling techniques, leading to different
smear densities (the above-mentioned maximum
power is given for the maximum axial power and fuel
with the highest density).
After irradiation, PIE is foreseen in the NRG Hotcells
at Petten; some samples will be transported to PSI for
burnup analysis.

Table 1: Overview of the different fuel types to be irradiated in the FUJI tests.

Initial Sintering 1st Restructuring 2nd Restructuring PTM

Fuel type MOX MOX MOX MOX MOX MOX MOX MOX

Fuel form Pellet Sphere
pac

Pellet Sphere
pac

Pellet Sphere
pac

Pellet Sphere
pac

Smear density 89.4% 78-81% 89.4% 78-81% 89.4% 78-81% 89.4% 78-81%

Upper segments

Lower segments

Fuel type MOX MOX MOX Np-MOX MOX MOX MOX Np-MOX

Fuel form Sphere
pac

Vipac Sphere
pac

Sphere
pac

Sphere
pac

Vipac Pellet Sphere
pac

Smear density 78-81% 75-78% 78-81% 78-81% 72-73% 75-78% 89.4% 78-81%

3 FUEL FABRICATION
MOX fuel with 20% Pu and an oxygen-to-metal ratio
of 1.97 (typical for fast reactor fuel) is currently being
produced at PSI: PuO2 of one single batch P-18 (PSI-
designation, Pufiss=88.3%), and depleted UO2 from
BNFL, have both been used.
For pellet and vipac fabrication, the weighed amounts
of each oxide powder (PuO2 and UO2) were mixed in
a TurbulaTM mixer for 4 hours, and then milled with an
improved two-stage attrition mill developed by
KAERI1. The mill is an improvement over the

                                                       
1 Korean Atomic Energy Research Institute

conventional, batch-type dry attrition mill [2] in regard
to its efficiency, and to problems often encountered
during operation, such as powder sticking at the inner
wall, agglomeration of powder at the edge of the lower
part of the mill jar, and rapid fall-down of the powder.
The mill jar has now been separated by a steel grid
into upper and lower parts. The shaft has various
kinds of paddles, with specially-designed shapes for
each part. The shapes and arrangement of the
paddles are optimised so that the powder stays for a
longer time within the milling media (balls made of
Ystab-ZrO2). Once the powder has passed through the
upper stage, it is continuously milled in the lower
stage, where the milling operation is refined due to the
smaller milling media and a different shape of paddle.
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The attrition mill turns at about 150 rpm, which gives
the total length of time for one passage of powder
through the mill of about 2-5 minutes, depending on
its properties. Several passages are applied to one
powder batch to ensure homogeneity and optimal
powder properties.
For p e l l e t  fabrication, the milled powder is
subsequently pre-compacted and granulated to
achieve good fluidity. The granules are pressed to
pellets, and then sintered. In order to achieve the
desired O/M ratio, the gas flow of the reducing gas
(N2+8%H2) can be changed, and vapour can be
added.
For vipac fabrication, the milled powder is also pre-
compacted and granulated. The green vipac particles
are sieved in different fractions, and then sintered in a
reducing atmosphere.
The microsphere fabrication follows the internal
gelation process, with nitrate solutions as starting
material [3]. All the solutions are prepared by mixing a
nitrate solution of each element (U, Pu, or Np)
composing the final product.
The starting materials were:
Pu(NO3)4+x, prepared by dissolution of PuO2 (from

PSI-Batch P-18) in nitric acid, with the addition of
some HF, and subsequent concentration up to
nearly pure nitrate in a vacuum distillation.

UO2(NO3)2-y,  prepared by dissolution of UO2
(depleted UO2 from BNFL) in nitric acid, and
subsequent concentration up to the substoichio-
metric nitrate in a vacuum distillation

Np(NO3)4+x, prepared by dissolution of NpO2 (from
Obninsk, Russia) in nitric acid, with the addition of
some HF, and subsequent concentration up to
nearly pure nitrate in a vacuum distillation.

A mixed-feed solution, with 0.80 mol/kg metal content,
a NO3/Me ratio of 1.90 mol/mol, an HMTA/Me ratio of
1.30 mol/mol, and a urea/Me ratio of 1.30 mol/mol,
was used for the subsequent gelation. The solution
was mixed at a temperature of 0°C, and then driven
though a nozzle of 700 mm diameter; the throughput
was roughly 4.5 g/min. The drops from the feed
solution fell into silicon oil at about 105°C, and then
gelled to spheres. The spheres were then washed in a
vibro-bed column in an NH4OH solution. No broken
spheres could be observed after the washing stage.
The spheres were dried in flowing air in two stages, at
75°C and 110°C, converted into oxide in a calcination
stage in an Ar/7%H2 gas stream at 600°C, and finally
sintered at 1400°C in a reducing atmosphere
(N2/8%H2) to reach the targeted O/M ratio of 1.97. The
batch sizes were of the order of 100_g.
Characterisation of the sintered spheres focused on
the O/M ratio, the density measurement, X-ray
diffraction, and chemical composition. Dense oxide
particles were obtained utilising a thermal treatment in
a controlled atmosphere.

4 SEGMENT FABRICATION
For the fabrication of the segments, the dedicated
equipment in PSI’s Hot Lab will be used. The segment
to be filled will be connected to the bottom of a special
“filling box”. The fuel will then be filled into the
segment from above. If required (for vipac and
sphere-pac fuels), the segment can be vibrated from
below. The segment will then be temporarily closed
before transfer to the welding box. There, the end plug
welding will be performed, after the internals (plenum
spring, particle seals, etc.) have been added to the
segment, and the whole filled with He. Finally, the
segments will be decontaminated, and then examined
using He-leak and X-ray testing. The particle-fuel
segments will additionally be scanned to ensure a
homogeneous density distribution using gamma rays.
The filling procedures for each different fuel type and
welding procedure had to be developed from new, but
are now ready to be applied.

Fig. 1: Unetched overview of a MOX pellet; the pore
distribution is almost homogeneous.

Fig. 2: Thermally etched MOX-pellet microspheres.
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For the filling of the sphere-pac segments, fabrication
parameters from former experiments were adjusted to
the present case using UO2-microsphere filling tests.
Two types of filling operation have to be distinguished:
parallel filling and infiltration filling. For parallel filling,
size fractions (800 mm spheres and 190!mm spheres)
are filled into the segment in parallel, under moderate
vibration. Then, the fuel column is fixed, and stronger
vibrations are applied. For infiltration filling, first the
coarse fraction (800 mm) is filled into the pin under
moderate vibration, then the fuel column is fixed with
a sieve that allows the fine fraction (70 m m) to
penetrate. The fine fraction is added on top of the fuel
segment, and the infiltration is forced by vibration.
For vipac filling, well-defined amounts of six different
size fractions have to be poured homogeneously into
the segment; then the column is vibrated.

5 RESULTS
Pellet fabrication
All pellets for the irradiation have been produced in
three batches. A pre-compaction pressure of 15 MPa,
and a compaction pressure of 400 MPa, were used for
the fabrication of the pellets. Sintering took place over
20 hours at 1600°C in a reducing atmosphere. It was
found necessary to increase the gas flow of the
reducing sintering gas to 180 l/min to achieve the
desired low O/M ratio. The diameter of the pellets
after sintering was 6.85 mm, their height was 9.9 mm,
and the diameter after centreless grinding was
6.504!mm. The dimensions are therefore well within
the specifications. The quality of the majority of the
pellets was excellent, showing no cracks or flaws on
the surface. The determined O/M ratio was 1.967 (3
pellets), and the geometrical density was determined
at 95.3±0.2%. Ceramography shows a homogeneous
distribution of the porosity (see Fig. 1). Thermal
etching was performed, which revealed a grain size of
roughly 2 mm (see Fig. 2). (Though this grain size is
rather small, it could be enhanced by a modified
sintering procedure. However, for this project, no
modification was performed, due the irrelevance of
small grain size for the foreseen, short-time irradiation
tests). X-ray diffraction and alpha-autoradiography, as
well as chemical analysis, are currently underway.

Vipac fabrication
After evaluating the proposed fabrication route by
sintering green UO2-granules, tests with MOX fuel
were successfully performed; the pre-compaction
pressure was 550 MPa. The granulator sieve had to
be adjusted: the size of the holes was increased from
1.0 mm to 1.2 mm in order to fabricate large granules.
In order to increase the grain size, vapour was added
to the atmosphere during the heat-up phase and the
first five hours of sintering. To reduce the O/M ratio,
the fuel was then sintered in a reducing atmosphere
without vapour for 15 hours. The shape, i.e. the

circularity, of the particles produced was compared
with ZrO2 granules used for the inactive segment
filling tests (see also Fig. 3). This is an important
parameter, since the circularity of the particles will
affect the achievable smear density. Three types of
ZrO2 granules, with different circularity, were used for
the inactive segment filling tests: untreated granules
produced from sintered material, granules ball-milled
for 24!h, and granules ball-milled for 40!h. The
circularity of the MOX particles produced was
comparable to the second type, i.e. those granules
ball-milled for 24h, and which performed well in the
inactive filling tests, and thus no further treatment of
the MOX granules was necessary. Results are in line
with an independent comparison made of the
measured tap density (filling density of the granules in
a glass cylinder after tapping in a defined manner).
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Fig. 3: MOX vipac particles of different size fractions
produced at PSI.

To reach a high smear density, a well-defined
combination of different particle sizes is required [4,5].
The optimal range and distribution of vipac particle
sizes for segment filling is listed in Table 2; the
particle-size distribution of the fabrication test is also
given in Table 2. To make better use of the material

produced, granules were sieved after the first
fabrication step, and the fraction with sizes between
600!mm and 250!mm was compacted, and again
granulated. The results from the fabrication have been
added to Table 2. The medium-size granules will now
be manually crushed in a mortar to increase the
amount of the fine-size fraction. This will lead to an
even closer adjustment of the derived particle-size
d i s t r i b u t i o n  t o  t h a t  r e q u i r e d

Table 2: Range and distribution of vipac particle size for segment filling.

F1 F2 F3 F4 F5 F6

Particle range (mm) 850-
600

600-
425

425-
250

250-
106

106-
45 45-25

for optimal segment filling 50.0 9.9 4.6 4.6 18.0 13.0
Derived from MOX fabrication test 28.2 25.3 10.0 11.6 13.8 11.0Weight

ratio
(%) Derived from MOX vipac

fabrication 37.6 21.4 8.0 18.2 9.2 5.5

Microsphere fabrication
Five types of spheres have to be fabricated for the
project: 800 mm diameter MOX spheres, with and
without Np, 190 mm diameter MOX spheres without
Np, and 70 mm diameter MOX spheres with and
without Np. At the time of writing, 800 mm size MOX-
spheres without Np have been produced.

Fig. 4: Sintered spheres placed on a flat glass plate,
seen from below.

Figure 4 shows sintered spheres placed on a flat
glass, seen from below. The sphere size was
determined at 750 mm. This is lower than the original
target value of 800 m m, but still within the
specifications. For reasons mentioned below, it was
decided to use the 750!mm spheres for the segment
filling. The O/M ratio was determined at 1.93. This is
clearly too low, and must be adjusted by further
sintering runs with a less reducing atmosphere: i.e. by
adding some water vapour to the N2/8%H2 gas.

Segment fabrication

For parallel filling, the fabrication tests showed that
long filling times would be of advantage in better
controlling the simultaneous completion of the feeding
for both size fractions. Contrary to this, the
homogeneous flow out of the two feeders, for both
fractions, requires a minimum of throughput. The
optimum was found to be 25 seconds. For the
subsequent vibration, a spring-like fixing device was
used to keep the fuel column down. For infiltration
filling, the fabrication tests indicated that a higher
smear density could be reached if the larger spheres
were made slightly smaller: i.e. about 750 mm instead
of 800 mm diameter.

For vipac filling, the homogeneous mixing and filling of
the six different size fractions is nearly impossible.
Good improvement can be achieved if the two
coarser-sized fractions, and the four finer-sized
fractions, are first mixed, and then fed into the
segment in parallel, as is done for parallel-sphere
filling. For industrial fabrication, a feeder with a
continuously working balance for each size fraction
would be the optimum for homogeneous filling.
Nevertheless, the PSI method does produce filled
segments of acceptable homogeneity. For the
vibration procedure, a varying frequency was found to
be advantageous, provided the resonance frequency
of the system was avoided.

6 DISCUSSION AND OUTLOOK
After the delay in the refurbishment of the Hot Lab at
PSI, and the subsequent revision of time schedules,
the work is now proceeding rapidly. The delivery of
the segments is planned to take place before the end
of June 2003. The irradiation will then be performed in
two series: in autumn 2003, and during 2004. Post
Irradiation Examination (PIE) will be performed
thereafter, and anyway before the end of 2004. The
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project will be completed with the final report delivered
by mid-2005.
Good coordination and smooth collaboration between
the different working groups involved in the project æ
the analytical group, the actinide chemistry group, the
fuel performance group of the Laboratory for Materials
Behaviour, and the Technical Laboratory (for the X-
ray work) æ  is necessary to achieve the envisaged
delivery date. Questions relating to transport are being
addressed, offers from different transport companies
have been received, and tenders will be given out
soon.
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